This paper presents an approach for fast segmentation of foreign fiber images and precise recognition of foreign fiber objects using machine vision. Live images were acquired in real time using a line scan CCD camera. After an image was acquired it was transferred to a host computer immediately for image processing and object classification. The captured image was firstly segmented according to the mean and standard deviation of R, G and B values of each pixel in the image. Then noises were removed using the area threshold method. Afterwards, color features, shape features and texture features of each foreign fiber object were extracted. Finally, a one-against-one directed acyclic graph multi-class support vector machine (OAO-DAG MSVM) was constructed and used to perform the classification. The results indicate that the image processing algorithm is fast and precise; the OAO-DAG MSVM gets a mean accuracy of 92.34% and a mean classification time of 12 ms, which can satisfy the accuracy and speed requirement of online classification of foreign fibers.
Introduction
The foreign fibers in cotton refer to those non-cotton fibers and dyed fibers, such as hair, binding rope, plastic film, candy wrapper, polypropylene twine, etc., which are accidentally mixed with cotton during picking, storing, drying, transporting, purchasing and processing [1] . Most of them were sorted out after cotton ginning, but some of them still remained in the cotton lint. The remaining foreign fibers affect the quality of the final textile products seriously. A machine vision system for online measurement of the content of foreign fibers in cotton lint is now being studied. High quality image acquisition, fast image processing, effective feature extraction, accurate object classification and precise content measurement are key factors in the implementation of the system. Fast image processing and accurate object classification will be discussed in detail in this paper.
Image segmentation is one of the key techniques in image processing and machine vision system, and is the precondition of image analysis and pattern recognition. The aim of image segmentation is to partition an image into meaningful connected components to extract the features of the objects [2] . Various image segmentation methods are available in the literature [3] [4] [5] [6] [7] and some of them are used in machine vision system in agriculture [8] [9] [10] . Fast and precise segmentation is an ongoing research work in image processing.
The aim of classification is to sort each element of a data set into one of the finite sets of classes utilizing a decision criterion [11] . Statistical, neural network and fuzzy logic are three traditional methods employed to perform classification. These traditional methods are based on a hypothesis that the training examples are very large even close to infinite. When only a small number of samples are available, overfitting becomes the main problem. Support vector machine (SVM) introduced by Vapnik [12] is a state-of-the-art classification method which can avoid overfitting effectively. The original SVM was designed for binary classification. SVM for multi-class classification is still an ongoing research issue. One-against-one and one-against-all are two main strategies in constructing a multi-class SVM (MSVM) by combining several binary SVMs. MSVM had been practically used in pattern recognition, i.e., color grading of beef fat [13] , classification of pizza [11] , and automatic classification of fruits and vegetables [14] .
The objective of this research is to develop a machine vision approach for recognition of foreign fibers in cotton lint. Live images were firstly acquired by a machine vision system and then processed in a host computer. The image was firstly segmented according to the mean and standard deviation of R, G and B values of each pixel in the image. Then noises were removed using an area threshold method. Afterwards, color features, shape features and texture features of each foreign fiber object were extracted. At last, a one-against-one directed acyclic graph multi-class support vector machine was constructed to perform the classification.
Materials and methods

Image acquisition
Live images are captured by a machine vision system developed for recognition of foreign fibers in cotton lint [15] . The machine vision system mainly consists of seven parts, i.e., input conveyor, lint layer generator, output roller, inspection box, shaft encoder, host computer and lint layer collector, as shown in Fig. 1 .
Through the input conveyor, the cotton lint for inspection is transferred to the lint layer generator, where the cotton lint is made into about 2 mm thick uniform layer to make the foreign fibers buried inside it easy to be inspected. The output roller drags the lint layer out of the generator and sends it to the inspection box. At last, the inspected lint layer is collected by the lint layer collector.
The inspection box consists of four parts, i.e., glass inspection channel, LED (Light Emitting Diode) light source, line scan color camera and anti-light shield. When the lint layer goes through the glass inspection channel, scanned lines are captured by a line scan color camera which is triggered by a shaft encoder (Type 8.5800.1245.2000, Kübler, Germany), and then collected by the image acquisition card (X64-CL Express, CORECO, Canada). Each scanned line contains 4000 valid pixels, and every 500 scanned lines are assembled into a frame of image, so the image resolution is 4000 × 500 pixels. The captured image is processed and analyzed in the host computer.
Image processing
A large number of color images were acquired using this machine vision system. Space distribution R, G and B values of each pixel in a foreign fiber image was analyzed. The results indicated that most of the background pixels are close to the gray axis and have small variances, while the foreign fiber pixels are far away from the gray axis and have large variances, as shown in Fig. 2 .
The mean of R, G and B of each pixel in a foreign fiber image, m(i, j), was defined as
The standard deviation of R, G and B of each pixel in a foreign fiber image, v(i, j), was defined as
The mean and standard deviation of R, G and B of each pixel in a foreign fiber image were analyzed. The result indicated that the mean of most background pixels stays in a specific range, while the mean of most foreign fiber pixels always escapes from the range, as shown in Fig. 3 . The standard deviation shows a similar characteristic, as shown in Fig. 4 . So the segmentation of a color foreign fiber image is defined as
where bw(i, j) is the binary value of pixel (i, j) after image segmentation, and M and V are the threshold for distinguishing a pixel of background from foreign fiber. Large amounts of small regions occurred after image segmentation due to noises or pseudo-foreign fibers. These regions are relatively smaller than those regions of foreign fiber objects. Therefore, all regions below a specific area T 0 are removed. 
Feature extraction
The foreign fibers mixed in cotton lint are of various types and usually have different colors and shapes. Therefore, it is difficult to classify them accurately by only one type of feature. Color, shape and texture are the commonly used feature types in classification problems. In the classification of foreign fibers, a combination of these three feature types provides stronger ability in classification than any single type of feature.
Color is an important feature type for foreign fiber classification. Five color features are extracted, i.e., the mean of the R channel of a foreign fiber object, the mean of the G channel of a foreign fiber object, the mean of the B channel of a foreign fiber object, the mean of the R, G and B components of a foreign fiber object, and the standard deviation of the R, G and B components of a foreign fiber object.
Different types of foreign fibers may appear in different shapes in the lint layer. Shape features of a foreign fiber object can be described by its geometry and/or topology features. Seven shape features are extracted, i.e., the form factor, aspect ratio, rectangularity, solidity, eccentricity, sphericity and Euler number.
Texture is the reflection of change of brightness of an image in the space. Two different types of statistical texture features are extracted. One is histogram-based texture features, including mean intensity, mean contrast, roughness, third-order moment, consistency, and entropy. The other is gray level co-occurrence matrix-based texture features, including secondorder moment, entropy and contrast.
Classification
The classification of foreign fibers into six categories can be considered as constructing several binary classifiers and combining them into one multi-class classifier. In this research, a one-against-one directed acyclic graph MSVM (OAO-DAG MSVM) was constructed to serve for the classification of foreign fibers based on machine vision. This approach combines K (K − 1)/2 one-against-one binary SVMs into one K -class MSVM using a decision directed acyclic graph (DDAG). A SVM C ij is designed for distinguishing the ith class from the jth class. The SVM C ij is trained with all examples in the ith class with positive label, and the examples in the jth class with negative label. The classification decision function for the SVM C ij is defined as
where N is the total number of training examples both in the ith class and the jth class; K is the number of total classes; ij is a bias term, they are obtained by training the SVM C ij . A 6-class OAO-DAG MSVM for classification of foreign fibers is shown in Fig. 5 . In this figure, the root node and intermediate nodes are denoted as solid line circularities in black, while leaf nodes are denoted as dash-dotted line circularities in green.
Results and discussion
All the samples of foreign fibers used in this research were previously classified into six categories, i.e., cloth, feather, hair, hemp rope, plastic film and polypropylene twine. These samples were provided by China Cotton Machinery & Equipment Co., Ltd. All the algorithms used in this research for image processing and pattern recognition were programmed in Matlab 7.0, and the standard binary SVM was from the Matlab toolbox for SVM developed by Steve Gunn. The test environment was a personal computer with an Intel Core 2 Duo 2.20 GHz CPU and 1 GB SDRAM.
Results of image segmentation
The selected color images of foreign fiber were segmented using the approach presented in Section 2.2, M was set to 180, and V was set to 6. After image segmentation, small objects were removed using area threshold method, where the area threshold T 0 was set to 200. Color image processing results are shown in Fig. 6. 
Extracted features
After image processing, totally 356 foreign fiber objects were obtained, including 30 hair objects, 77 black plastic film objects, 55 red cloth objects, 118 hemp rope objects, 27 red polypropylene objects, and 49 black feather objects. Features were extracted from each foreign fiber object. Features extracted from one foreign fiber object were arranged in a 21-dimensional feature vector. There were totally 356 feature vectors in the sample set.
Classification results
The OAO-DAG MSVM was tested with the obtained feature vectors using leave-one-out cross validation. When the MSVM was test for the classification of the ith foreign fiber, one sample was selected from the samples in the ith class as the test sample, and all others as training samples. This test did not stop until each sample had been selected as the test sample. The classification accuracy was calculated after the test was finished. The classification results are shown in Table 1 .
The results indicate that the average classification accuracy of the OAO-DAG MSVM is 92.34% and the average time to perform one classification is 12.0 ms.
Conclusion
The color image of foreign fibers can be processed efficiently with the proposed segmentation approach, and most noises can be removed from the image using the area threshold method.
The combination of color features, shape features and texture features are more effective than any single type of feature in the classification of foreign fibers.
With the OAO-DAG MSVM developed in this research, foreign fibers in cotton lint can be classified accurately and quickly. The effects of pseudo-foreign fibers on the classification accuracy will be addressed in a future study.
